ABSTRACT: With the aim of revealing the catalytic role of atypically coordinated (3His-1Glu) active site mononuclear non-heme Fe(II)-dependent quercetin 2,4-dioxygenase (Fe-2,4-QD) and the electronic effects of the model ligands on the reactivity toward dioxygen, a set of p/m-R-substituted carboxylate-containing ligand-supported Fe(II)-3-hydroxyfla-
■ INTRODUCTION
Mononuclear non-heme Fe(II)-dependent enzymes (MNHEs) act pivotal roles in the O 2 metabolism, catalyze an amazing variety of oxidative reactions, and have potential medical and pharmaceutical applications. 1 Generally, the Fe(II) ion in the active sites of MNHEs is coordinated by two histidine imidazoles and a carboxylate group of Glu or Asp in a "facial triad" mode. However, atypical coordination modes, such as the three histidine imidazoles 3His mode [as observed in diketone dioxygenase (Dke1) 2 and cysteine dioxygenase (CDO) 3 ], or three histidine imidazoles and a carboxylate 3His-1Glu mode [as observed in acireductone dioxygenase (ARD) 4 and quercetin 2,4-dioxygenase (2,4-QD) 5 ], were also reported recently. The active site structure−function relationship of different active site MNHEs is very interesting and fascinating. Compared with the well-studied typically coordinated MNHEs, biomimetic research of the atypically coordinated MNHEs, especially those bearing the 3His-1Glu mode and the structure−function relationship of different active site MNHEs, remains largely undeveloped.
In the initial step of the quercetin catabolism, 2,4-QD activates dioxygen to catalyze the oxygenative O-heterocycle ring opening reaction of flavonoid quercetin (3′,4′,5,7-tetrahydroxyflavonol, QUE) to the corresponding phenolic carboxylic acid esters and release carbon monoxide (Scheme 1). 6 The fungal 2,4-QD 7−9 is the only known Cu(II)-dependent dioxygenase (Cu-2,4-QD) and has a mononuclear type II Cu(II) reaction center. The active site of 2,4-QD from Aspergillus japonicas comprises two distinct coordination environments. In the first case, the Cu(II) is coordinated by a carboxylate group of Glu73, three histidine imidazoles, and one water molecule to form a distorted trigonal-bipyramidal geometry, whereas another exhibits a distorted tetrahedral geometry without the binding of Glu73. 7 In the enzyme− substrate (ES) complex, the Cu(II) active site shows a distorted square pyramidal geometry, in which a deprotonated substrate 3-hydroxyflavonolate (fla) is bound to Cu(II) via the 3-hydroxy group with the displacement of the water molecule. 10 The mutation of Glu73 induces a loss of enzyme activity, 7 implying that the Glu73 carboxylate group acts an essential catalytic role. 10 The bacterial 2,4-QD from Bacillus subtilis 5, 11, 12 is an Fe IIdependent dioxygenase (Fe-2,4-QD). It has an atypically coordinated mononuclear non-heme Fe(II) active site, which also exhibits two distinct structures similar to that of Cu-2,4-QD. 5 In the N-or C-terminal cupin motif, the Fe(II) active site shows a distorted trigonal bipyramidal or a square pyramidal geometry involving three histidine imidazoles, a water molecule, and one Glu69 (2.10 Å) or Glu241 (2.44 Å, weakly coordinated). 5 So far, a lot of Cu-2,4-QD models have been reported, 13 Generally, the active site residues of the enzyme and their substituent groups, with the aid from the second coordination sphere, are important factors to stabilize the intermediates, tune the catalytic activity, and the conformation of the enzyme via influencing the coordination geometry of the metal cofactor. There are some reports about the biomimetic studies that focus on the electronic substituent effects of the substrate fla on the reactivity. [13] [14] [15] [16] 19, 26, 27 However, as we know, there are only two reports that focus on the electronic effects of the substituent group of the model ligands of Co(II) and Ni(II) ES model complexes on their reactivities. 23, 24 No report focused on the electronic effects of the substituent group in the model ligands of Fe(II) ES model complexes on their reactivities has been published yet.
With an aim to investigate the electronic substituent effects of the model ligands on the chemical functions of Figure 2 . The crystallographic data and the selected bond lengths and angles are summarized in Tables S1 and S2, respectively. 1′ crystallizes in the monoclinic P2 (1) Figure S1 ). As a typical example, the FT-IR spectra of 1 in both states are shown in Figure S1 . Besides, an order of −OMe (1) > −Me (2) > −H (3) 21a > −Br (4) > −NO 2 (5) was observed for the λ max values of fla in and "charge delocalization conduit", as indicated by wine-red color in Scheme 2. 7, 23, 24 All complexes also show an absorption shoulder around 485 nm, which is probably due to the charge transfer between Fe(II) and ligand and an intense absorption band around 280 nm from the supporting model ligand. Table 1 . All redox potentials are reported versus SCE. The cyclic voltammogram of 1 is shown in Figure 6a as a typical example. All complexes display a quasireversible redox couple attributable to the one-electron (Figure 6c) . Obviously, the order can be explained by stronger electrondonating groups that induce higher electron density on the Fe(II) ion, thus leading to easier oxidation of the Fe(II) ion. • can be ascribed to the electronic nature of the substituent in the ligands, which could tune the redox potential of fla via tuning Lewis acidity of the Fe(II) ion and the electron density of fla. The stronger electron donating group, the weaker Lewis acidity of the Fe(II) ion, the weaker interaction between the Fe(II) ion and fla, the larger electron density on the fla moiety, the lower redox potentials of fla, and the easier oxidation of the bound fla.
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Reaction with Dioxygen (Enzyme-Type Dioxygenation Reactivity). , ΔS ⧧ = −57 to −64 J mol Table 2 ). The Hammett plot is linear, and the reaction constant is ρ = −1.21 (R = 0.89) (Figure 7d) , implying that the electron donating groups quicken the reaction rates remarkably. The notable difference on the dioxygenation reactivity could be rationalized by the electronic nature of the substituent in the ligand, which could tune the reactivity through varying the electron density of fla via the benzoate, Fe(II) ion, and "charge delocalization conduit". Namely, the stronger electron donation to the Fe(II) ion by the electron donating group via the benzoate group makes Lewis acidity of the Fe(II) ion weaker; thus, the electron density on the fla moiety in the complexes is larger and the redox potential of fla is lower, so the fla moiety can be oxidized easier by O 2 .
It should be pointed out that the order of dioxygenation reactivity looks to be in line with the order of λ max but inverse of the order of the redox potential E 1/2 (fla/fla
• ) in the complexes, and they all correlate with Hammett constants σ linearly. Thus, the plots of k versus λ max and E 1/2 (fla/fla
• ) gave an approximately linear correlation as shown in Figure 7e (R = 0.60) and 7f (R = 0.37). These results imply that the properties and the reactivities of [Fe II L R (fla)] were affected by the electronic nature of the substituent in the ligand through the benzoate, Fe(II) ion, and "charge delocalization conduit", and there are some relationships among them. The stronger the electron-donating group in the ligand, the lower the energy of the π → π* transition, the lower the redox potential of fla, and the higher the dioxygenation reactivity. As the first example of a set of structural and functional ES models of atypically coordinated 3His-1Glu active site mononuclear non-heme Fe II -dependent Fe-2,4-QD, which focus on the electronic effects of the ligand on the enzyme-type reactivity; this study 32 Notably, when a solution of [Fe II L R (fla)] (4 mM) and 2 equiv DMPO in DMF was exposed to air at room temperature, an EPR signal of DMPO−OOH appeared at g = 2.0069 (a = 12 G). As a typical example, the EPR spectrum of 1 with DMPO under air is shown in Figure 8b .
After the dioxygenation reaction, a peak cluster assignable to the enzyme-type reaction products salicylate (sal) or benzoate (ben) complexes was observed at m/z (pos.) = 556. Figure 5C , blue line spectra). (5) ). The model complexes exhibit a relatively high enzyme-type dioxygenation reactivity at low temperature. The dioxygenation reactions display first-order dependence versus both initial concentrations of the complexes and dioxygen. In addition, the reactivity is varied notably with the substituent group R and follows the ranking of −OMe (1) > −Me (2) > −H (3) 21a > −Br (4) > −NO 2 (5). The Hammett plot shows a linear relationship (ρ = −1.21), and electron donating groups progress the reaction rates. The electronic nature of the substituent in the ligand tunes the properties and the reactivity of the complexes remarkably, and there are some correlations between k with the λ max of the π → π* transition or the redox potential of the fla moiety in the complexes, respectively. That is to say, the key role of the substituent group is to tune Lewis acidity of Fe(II), the electron density, and the redox potential of fla by electron donation via benzoate, Fe(II) ion, and "charge delocalization conduit". As far as we know, this is the first example of a set of the ES models of Fe-2,4-QD, which faithfully reproduce the atypically coordinated 3His-1Glu coordination environment of the mononuclear non-heme Fe II -dependent Fe-2,4-QD active site structurally and functionally and will provide crucial insights into the role of Fe-2,4-QD and the active site structure−function relationship of different active site MNHEs.
■ EXPERIMENTAL SECTION
General and Physical Methods. The methods are the same as the methods reported previously. 23 EPR instrument parameters for DMPO−OOH detection are microwave frequency 9.531841 GHz, modulation frequency 100 kHz, modulation amplitude 3 G, microwave power 1.91 mW, number of scans 5, time constant 1310.72 ms, conversion time 80 ms, and sweep time 81.92 s.
X-ray Crystallography. A single crystal of 1′ was mounted on a glass capillary. Data of X-ray diffraction were collected by a Bruker Smart APEX II CCD single-crystal diffractometer using Mo Kα radiation (λ = 0.71073 Å) to 2θ max of 50.0°at 293 K. The crystallographic calculation was performed by a direct method using SHELXL 2014. 33 All non-hydrogen atoms and hydrogen atoms were refined anisotropically and isotropically, respectively. The occupy factor of solvent water O(7) and O (8) is 0.5, and the hydrogen atoms of the solvent are not found. Atomic coordinates, thermal parameters, and intramolecular bond lengths and angles are given in the Supporting Information (CIF file format).
Kinetic Measurements. The experiments procedures were similar to the procedures reported previously. 23 Reaction condition details and results are summarized in Table S5 .
Reaction Products Analysis. The reaction product analysis methods are the same as the methods reported previously. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsomega.7b00927.
The FT-IR data, reaction product analysis data, kinetic data, FT-IR spectra, LC−MS spectra, Eyring plot, and crystallographic information (CIF) CCDC 1540620 for 1′ are shown (PDF) Notes
